The on-state voltage is an important electrical parameter of insulated gate bipolar transistor (IGBT) modules. Due to limits in instrumentation and methods, it is difficult to ensure accurate measurements of the on-state voltage in practical working conditions. Based on the physical structure and conduction mechanism of the IGBT module, this paper models the on-state voltage and gives a detailed method for extracting the on-state voltage. Experiments not only demonstrate the feasibility of the on-state voltage separation method but also suggest a method for measuring and extracting the model parameters. Furthermore, on-state voltage measurements and simulation results certified the accuracy of this method.
Introduction
In recent years, power electronics technology has developed rapidly; it has been widely used in new energy power generation [1, 2] , electric vehicles [3, 4] , ship manufacturing [5] , and aerospace [6] . In these fields, power electronics systems perform the important task of power conversion, which increases the requirements for their reliability. Studies have shown that power failures of semiconductor devices account for 31% of all faults in power electronics systems [7] . Therefore, the insulated gate bipolar transistor (IGBT) module, the most widely used power semiconductor [8] , plays a decisive role in the reliability of power electronics systems. In some cases, IGBT modules have to endure more than five million power cycles [9] . During their service lifetime, the junction temperature fluctuates in a wide range [10] causing serve thermal stress [11] , due to the different thermal expansion coefficients of different materials, which makes the failure inevitable. In addition, harsher operating environments also accelerate the failure process, high power [12, 13] , and high temperature [14, 15] , in particular.
IGBT module can be regarded as a switch in power electronics systems. Both transient characteristics [16, 17] and steady characteristics have been researched. The on-state voltage, denoted as the voltage between the collector and the emitter in steady state [18, 19] is the main parameter of the steady state characteristic and is important to the IGBT module. Measuring on-state voltage in on-line conditions contributes toward the monitoring of IGBT module working status and to improving the reliability of an entire power electronics system.
In engineering applications, which are restricted by manufacturing technology and operating conditions, IGBT modules are often insufficiently cooled, causing the junction temperature far higher than the operating temperature [20] . The influences of conditions for high junction temperature have been analyzed [16, 21] . Such high junction temperatures increase the probability for failure of the IGBT collector current (I c ). Experimental results and function simulations demonstrate the feasibility and accuracy of our model. This paper is organized as follows: Section 2 analyzes the physical structure and conduction mechanism of the module in on-state status. An on-state voltage model is given after the theoretical analysis of IGBT module. Section 3 gives an extraction method for the parameters needed in the proposed model. Experimental results and function simulations demonstrate the accuracy of our model. Section 4 is a summary of the paper.
Theoretical Analysis of the IGBT Module Model in On-State Status

Threshold Voltages and Working Conditions of the IGBT Module
The physical structure of the IGBT module is shown in Figure 1 . The module is equivalent to a PIN rectifier combined with a MOSFET. The on-state behavior is dominated by the PIN rectifier, and the switching behavior is determined by the MOSFET. When gate-emitter voltage (V ge ) is lower than the threshold voltage V th , the N junction near the emitter (denoted as N E ), the P junction near the gate (denoted as P G ), and the N-drift region form a back-to-back PN junction, which causes a high resistance between the collector and the emitter. With this situation, the IGBT module is in its off-state. In this case, even if a large voltage is applied to the collector-emitter, the IGBT module cannot be switched into the on-state.
Energies 2019, 12, x FOR PEER REVIEW 3 of 16 extracting these independent parameters, and on-state voltage can be obtained after acquired the collector current (Ic). Experimental results and function simulations demonstrate the feasibility and accuracy of our model. This paper is organized as follows: Section 2 analyzes the physical structure and conduction mechanism of the module in on-state status. An on-state voltage model is given after the theoretical analysis of IGBT module. Section 3 gives an extraction method for the parameters needed in the proposed model. Experimental results and function simulations demonstrate the accuracy of our model. Section 4 is a summary of the paper.
Theoretical Analysis of the IGBT Module Model in On-State Status
Threshold Voltages and Working Conditions of the IGBT Module
The physical structure of the IGBT module is shown in Figure 1 . The module is equivalent to a PIN rectifier combined with a MOSFET. The on-state behavior is dominated by the PIN rectifier, and the switching behavior is determined by the MOSFET. When gate-emitter voltage (Vge) is lower than the threshold voltage Vth, the N junction near the emitter (denoted as NE), the P junction near the gate (denoted as PG), and the N-drift region form a back-to-back PN junction, which causes a high resistance between the collector and the emitter. With this situation, the IGBT module is in its off-state. In this case, even if a large voltage is applied to the collector-emitter, the IGBT module cannot be switched into the on-state. When Vge crosses the threshold voltage, an inverse-layer channel is generated in the back-to-back PN junction, forming a connection between the NE and N-drift regions. In this case, the IGBT module acts as an open gate but is not in its on-state. The P junction near the collector (called P+C) and the N+ buffer make up another PN junction, which is equivalent to a PIN rectifier. A bias voltage must be applied across the collector and emitter to overcome the effect of the internal electric field, ensuring that charge carriers reach the emitter from the collector. With this bias voltage applied, the IGBT module is in its on-state.
The IGBT module; therefore, has two threshold voltages: the gate threshold voltage, Vth, which forms the inverse-layer channel in the power MOSFET component, and the collector-emitter threshold voltage, Vce-th, which overcomes the internal electric field in the PIN rectifier component. When V ge crosses the threshold voltage, an inverse-layer channel is generated in the back-to-back PN junction, forming a connection between the N E and N-drift regions. In this case, the IGBT module acts as an open gate but is not in its on-state. The P junction near the collector (called P+ C ) and the N+ buffer make up another PN junction, which is equivalent to a PIN rectifier. A bias voltage must be applied across the collector and emitter to overcome the effect of the internal electric field, ensuring that charge carriers reach the emitter from the collector. With this bias voltage applied, the IGBT module is in its on-state.
The IGBT module; therefore, has two threshold voltages: the gate threshold voltage, V th , which forms the inverse-layer channel in the power MOSFET component, and the collector-emitter threshold voltage, V ce-th , which overcomes the internal electric field in the PIN rectifier component.
The IGBT module requires that the V ce-th bias voltage be consistent to remain in the on-state. Therefore, V ce-th can be regarded as a part of the on-state chip voltage drop in the collector-emitter of the IGBT module, and it is marked in Figure 1 . 
On-State Conduction Mechanism of the IGBT Module
When the IGBT module remains in the on-state, carriers (taking holes as an example) begin at the collector and pass through the N-drift region under the action of the positive bias voltage V ce-th . They finally reach the gate region under the action of diffusion. If we compare the process of the carriers passing through the PIN rectifier component with the movement of free electrons in a conductor, the concept of resistance can be introduced. In this paper, the resistance in N region (N+ buffer and Ndrift region included) is expressed as R on-N , and the voltage drop is V on-N . Later, these holes drift through the inversion channel of the power MOSFET component to reach the emitter. The channel resistance is R on-CH , and the voltage drop is V on-CH . Figure 1 marks the positions of R on-N and R on-CH . Moreover, V on-N and V on-CH are also components of the on-state voltage drop across the IGBT chip.
To conclude this development of the carriers behavior within the IGBT module, the on-state model of the IGBT module chip is expressed as the equivalent circuit shown in Figure 2 . This diagram is composed of the collector-emitter threshold voltage V ce-th , the on-state N region resistance R on-N-, and the channel resistance R on-CH . Based on this on-state model, the voltage drop across the chip in the on-state is calculated as follows:
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Model of the On-State Voltage
In the IGBT module, aluminum bond wires connect the silicon chip to the diode, gate electrode, and the diode-emitter structure. Each unit of the IGBT module shares three bus bars. If the IGBT module remains in its on-state, a voltage drop is caused by the current passing through the bus bars, bond wires, and solder points. This voltage drop is caused by the equivalent circuit of the module and is denoted as Vpackage.
A 3D model of the IGBT module is shown in Figure 3 . The silicon chip (marked in orange) determines both the on-state and transient characteristics of the IGBT module. The package circuit is marked in purple. The free-wheeling diode (FWD), direct copper bonding (DCB) plate, and baseplate (Cu) are also shown in Figure 3 . From the perspective of this physical structure, the on-state voltage can be separated into the chip-level voltage drop (Vchip) and the package-level voltage drop (Vpackage), as formulated by the following equation:
Combined with the on-state chip voltage model of the IGBT module proposed above, the on-state model could be updated, as shown in Figure 4 . Note that Ron-N+ and Ron-CH are rewritten as Ron-chip therein. The threshold voltage of the collector-emitter (Vce-th) remains constant as the collector current changes. At the same time, the chip-level voltage drop (Von-chip) will increase as the collector current increases. 
In the IGBT module, aluminum bond wires connect the silicon chip to the diode, gate electrode, and the diode-emitter structure. Each unit of the IGBT module shares three bus bars. If the IGBT module remains in its on-state, a voltage drop is caused by the current passing through the bus bars, bond wires, and solder points. This voltage drop is caused by the equivalent circuit of the module and is denoted as V package .
A 3D model of the IGBT module is shown in Figure 3 . The silicon chip (marked in orange) determines both the on-state and transient characteristics of the IGBT module. The package circuit is marked in purple. The free-wheeling diode (FWD), direct copper bonding (DCB) plate, and baseplate (Cu) are also shown in Figure 3 . From the perspective of this physical structure, the on-state voltage can be separated into the chip-level voltage drop (V chip ) and the package-level voltage drop (V package ), as formulated by the following equation:
Combined with the on-state chip voltage model of the IGBT module proposed above, the on-state model could be updated, as shown in Figure 4 . Note that R on-N+ and R on-CH are rewritten as R on-chip therein. The threshold voltage of the collector-emitter (V ce-th ) remains constant as the collector current changes. At the same time, the chip-level voltage drop (V on-chip ) will increase as the collector current increases. However, the conductivity modulation in the semiconductor will also affect the on-state chip resistance. When the positive current flowing through the PN junction (PIN rectifier area in Figure 1 ) increases, the concentration of minority carriers injected and accumulated in the N-drift region becomes very large. In order to maintain the semiconductor electrically neutral, the concentration of majority carriers will also be greatly increased, resulting in a significant decrease in its resistivity, that is, a significant increase in its conductivity, which is the conductivity modulation effect. As the collector current (Ic) increases, the enhanced conductivity modulation will gradually reduce the on-state chip resistance. Thus, Ron-chip defined in this paper is closely related to Ic and their relation is described using FRon-chip (Ic).
From the analysis above, the on-state model of the IGBT module is proposed, where both Vce-th and Rpackage are constant, and the on-state chip resistance is a dependent variable that indicates the collector current:
Experimental Results
Measurements of the Collector-Emitter Threshold
We tested an IGBT module produced by SEMIKON (SKM75GB12T4) in an experiment shown in Figure 5 . Its rated voltage was 1200 V, and its rated current was 75 A. According to the datasheet provided by the manufacturer [47] , the gate-emitter voltage was set to 15 V and the environment temperature was room temperature (25 °C). Figure 6 shows a photograph of the semiconductor parameter test system we used (PCT-2), which was composed of the 2651A high-power source meter, the 2636B system source meter, the 8010 high-power test device, and a computer. The V-I curve of the IGBT module was measured using ACS software (V2.0 Release, Keithley Instruments, Cleveland, Ohio, USA). However, the conductivity modulation in the semiconductor will also affect the on-state chip resistance. When the positive current flowing through the PN junction (PIN rectifier area in Figure 1 ) increases, the concentration of minority carriers injected and accumulated in the N-drift region becomes very large. In order to maintain the semiconductor electrically neutral, the concentration of majority carriers will also be greatly increased, resulting in a significant decrease in its resistivity, that is, a significant increase in its conductivity, which is the conductivity modulation effect. As the collector current (Ic) increases, the enhanced conductivity modulation will gradually reduce the on-state chip resistance. Thus, Ron-chip defined in this paper is closely related to Ic and their relation is described using FRon-chip (Ic).
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To ensure the accuracy of measurements of the collector-emitter threshold voltage, a linear function (y = ax + b) could be used to describe the on-state V-I characteristic curve. The intersection point between the obtained function and the voltage axis was Vce-th (see Figure 8 ). When extracting the coefficients of these fitting functions from the data, optimizing the selected data can improve the function fitting results and the resulting accuracy of Vce-th. The primary function F1 (x) obtained with the selection value of 0.6 V as a starting point is shown in Figure 9a . The R-squared determination coefficient for this function was 0.99342. Since the initial value of the selected voltage point was improved continuously, the determination coefficient for the primary function was tested for extracting Vce-th. When the selected value reached 1.4 V, R-square = 0.9994, and the resulting primary function F2 (x) is also shown in Figure 9a . Therefore, changing the starting point of the data used for curve fitting effectively improved the fitting result and the accuracy of the Vce-th extraction. Table 1 When extracting the coefficients of these fitting functions from the data, optimizing the selected data can improve the function fitting results and the resulting accuracy of V ce-th . The primary function F 1 (x) obtained with the selection value of 0.6 V as a starting point is shown in Figure 9a . The R-squared determination coefficient for this function was 0.99342. Since the initial value of the selected voltage point was improved continuously, the determination coefficient for the primary function was tested for extracting V ce-th . When the selected value reached 1.4 V, R-square = 0.9994, and the resulting primary function F 2 (x) is also shown in Figure 9a . Therefore, changing the starting point of the data used for curve fitting effectively improved the fitting result and the accuracy of the V ce-th extraction. Table 1 exhibits the parameters of the liner function applied in V-I characteristic curve fitting. To ensure the accuracy of measurements of the collector-emitter threshold voltage, a linear function (y = ax + b) could be used to describe the on-state V-I characteristic curve. The intersection point between the obtained function and the voltage axis was Vce-th (see Figure 8 ).
Figure 8. Method for extracting collector-emitter threshold voltage (Vce-th).
When extracting the coefficients of these fitting functions from the data, optimizing the selected data can improve the function fitting results and the resulting accuracy of Vce-th. The primary function F1 (x) obtained with the selection value of 0.6 V as a starting point is shown in Figure 9a . The R-squared determination coefficient for this function was 0.99342. Since the initial value of the selected voltage point was improved continuously, the determination coefficient for the primary function was tested for extracting Vce-th. When the selected value reached 1.4 V, R-square = 0.9994, and the resulting primary function F2 (x) is also shown in Figure 9a . Therefore, changing the starting point of the data used for curve fitting effectively improved the fitting result and the accuracy of the Vce-th extraction. Table 1 
Extraction of the Package Resistance
The chip-level voltage drop in the on-state could be calculated with Equation (4) . When the collector injection current was in a lower range, the PIN diode dominated the on-state voltage, and the contribution of the MOSFET could be ignored. With increasing injection current, the voltage drop caused by the MOSFET should become noticeable [46] . Therefore, when the collector-emitter voltage of the IGBT module was near the threshold voltage Vce-th, the voltage drops generated in the N+ buffer, N-drift region, and the channel of the chip could be approximated as zero. With these assumptions, Equation (4) could be rewritten as:
where K is the Boltzmann constant, T is the absolute temperature, q is the electronic charge, WN is the width of the N+ drift region, Jc is the current density, ni is the intrinsic carrier concentration, Da is the ambipolar diffusion coefficient, La is the ambipolar diffusion length, Lch is the ambipolar However, Figure 9b reveals that the high R-square obtained in curve fitting sacrificed the fitting accuracy in the area near the collector-emitter threshold voltage, which also caused the error in the V ce-th measurement. Herein, V ce-th was obtained when the R-square reached 0.998 and the obtained functions are shown in Figure 9b as F 3 (x). At this point, a (the slope of the function)= 5.97575, b (the Y-intercept of the function)= −3.91408, and V ce-th = 0.6549 V.
The chip-level voltage drop in the on-state could be calculated with Equation (4) . When the collector injection current was in a lower range, the PIN diode dominated the on-state voltage, and the contribution of the MOSFET could be ignored. With increasing injection current, the voltage drop caused by the MOSFET should become noticeable [46] . Therefore, when the collector-emitter voltage of the IGBT module was near the threshold voltage V ce-th , the voltage drops generated in the N+ buffer, N-drift region, and the channel of the chip could be approximated as zero. With these assumptions, Equation (4) could be rewritten as:
V ce = V ce-th + I c R package (5) where K is the Boltzmann constant, T is the absolute temperature, q is the electronic charge, W N is the width of the N+ drift region, J c is the current density, n i is the intrinsic carrier concentration, D a is the ambipolar diffusion coefficient, L a is the ambipolar diffusion length, L ch is the ambipolar diffusion coefficient, C ox is the channel length, p is the indicated cell pitch, V ge is the gate voltage, V th is the threshold voltage, and µ ni is the inverse layer mobility [46] . Figure 10 shows a photograph of our on-state voltage acquisition system. The high-power programmable DC power supply and programmable electronic load (120 V/60 A/250 W) were connected in series and linked at the terminal of the collector-emitter. Another programmable DC power supply was connected in series with the terminal of the IGBT module's gate-emitter and provided the voltage that produced the inverse-layer channel, which ensured that the IGBT module remained in the on-state. Because of the inevitable resistance generated in the test circuit, the IGBT module could not take in the entire voltage produced by the high-power DC supplier. We therefore adjusted the output voltage of the high-power DC supplier constantly until the IGBT module reached the on-state, which was judged using a high-accuracy digital multimeter. The collector current (I c ) was acquired by a programmable electronic load. When the reading of high-power DC supplier was 0.67 V, V ce = 0.6584 V and I c = 0.3311 A, and according to Equation (5) [46] . Figure 10 shows a photograph of our on-state voltage acquisition system. The high-power programmable DC power supply and programmable electronic load (120 V/60 A/250 W) were connected in series and linked at the terminal of the collector-emitter. Another programmable DC power supply was connected in series with the terminal of the IGBT module's gate-emitter and provided the voltage that produced the inverse-layer channel, which ensured that the IGBT module remained in the on-state. Because of the inevitable resistance generated in the test circuit, the IGBT module could not take in the entire voltage produced by the high-power DC supplier. We therefore adjusted the output voltage of the high-power DC supplier constantly until the IGBT module reached the on-state, which was judged using a high-accuracy digital multimeter. The collector current (Ic) was acquired by a programmable electronic load. When the reading of high-power DC supplier was 0.67 V, Vce = 0.6584 V and Ic = 0.3311 A, and according to Equation (5), Rpackage = 10.287 mΩ. 
The Acquisition Method of On-State Chip Resistance
Because of the existence of conductivity modulation, the IGBT module's on-state chip resistance decreased as the collector current increased. Ron-chip can be calculated with Equation (6):
The high-power DC supply in Figure 10 and the programmable load were set to the constant current (CC) mode, and the gate voltage was set to 15 V. To obtain the full relation between on-state chip resistance and collector current completely, Ic was set from 10 to 74 A in this experiment. The electronic load used for package resistance extraction was substituted by a high-power equipment (600 V/240 A/12 KW). The relation between Ron-chip and Ic was then obtained by adjusting the output current provided by the DC power supply continuously. Note that the preset value of the programmable electronic load should be kept consistent with the DC power supplier. Figure 11 shows the variation of the on-state voltage, the chip-level voltage drop, and the package-level voltage drop as the collector current increased. With the increase of collector current, the IGBT module on-state voltage obviously increased, because of the change in the chip-level voltage drop and the package-level voltage drop. Figure 12 shows the relationship between the on-state chip resistance, package resistance, and the collector current. The on-state chip resistance decreased exponentially as the collector current increased, due to the conductance modulation. Simultaneously, this trend also explained why the package-level voltage drop increased more than the chip-level voltage drop. 
Because of the existence of conductivity modulation, the IGBT module's on-state chip resistance decreased as the collector current increased. R on-chip can be calculated with Equation (6):
The high-power DC supply in Figure 10 and the programmable load were set to the constant current (CC) mode, and the gate voltage was set to 15 V. To obtain the full relation between on-state chip resistance and collector current completely, I c was set from 10 to 74 A in this experiment. The electronic load used for package resistance extraction was substituted by a high-power equipment (600 V/ 240 A/12 KW). The relation between R on-chip and I c was then obtained by adjusting the output current provided by the DC power supply continuously. Note that the preset value of the programmable electronic load should be kept consistent with the DC power supplier. Figure 11 shows the variation of the on-state voltage, the chip-level voltage drop, and the package-level voltage drop as the collector current increased. With the increase of collector current, the IGBT module on-state voltage obviously increased, because of the change in the chip-level voltage drop and the package-level voltage drop. Figure 12 shows the relationship between the on-state chip resistance, package resistance, and the collector current. The on-state chip resistance decreased exponentially as the collector current increased, due to the conductance modulation. Simultaneously, this trend also explained why the package-level voltage drop increased more than the chip-level voltage drop. 
Method for Calculating On-State Voltage
It seems that the on-state chip resistance and the collector current are related with the exponential function under the effect of the conductivity modulation introduce in Section 2 and the relationship is denoted as Equation (7). The experimental results were analyzed with MATLAB scripts and fitted with this exponential function. When the on-state chip resistance is set to milliohms, a = 94.19, b = −0.6434, and R-squared = 0.9982.
Upon comparing the experimental measurement and simulation values (Figure 13 ), it was found that the simulation data owed an ideal matched-degree in a lower current range (less than 60 A, 80% of the rated current). When it comes to a higher level, the on-state chip resistance reduced inconspicuously. Assuming that Ron-chip keeps constant in high current condition (80% of the rated current Irated), we concluded that on-state chip resistance had an exponential relationship with collector current. Thus, on-state voltage for the module we tested could; therefore, be calculated with Equations (8) and (9) . 
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Upon comparing the experimental measurement and simulation values (Figure 13 ), it was found that the simulation data owed an ideal matched-degree in a lower current range (less than 60 A, 80% of the rated current). When it comes to a higher level, the on-state chip resistance reduced inconspicuously. Assuming that R on-chip keeps constant in high current condition (80% of the rated current I rated ), we concluded that on-state chip resistance had an exponential relationship with collector current. Thus, on-state voltage for the module we tested could; therefore, be calculated with Equations (8) and (9) . Table 2 . Referring to the data sheet provided by manufacturer, the on-state voltage of the SKM75GB12T4 module was between 1.85 V and 2.1 V when operating at this current. This agreement between our experimental observation of the on-state voltage and the manufacturer's specification for a brand-new module shows that our model is valid for its intended purpose. Measuring the IGBT module on-state voltage under different currents allows us to verify the accuracy of applying the model proposed above. Collector currents (I c ) of 20, 40, 60, and 75 A were used in tests for this validation. The measured voltages (V ce-mea ) and the calculated voltages (V ce-cal ) are listed in Table 2 . Referring to the data sheet provided by manufacturer, the on-state voltage of the SKM75GB12T4 module was between 1.85 V and 2.1 V when operating at this current. This agreement between our experimental observation of the on-state voltage and the manufacturer's specification for a brand-new module shows that our model is valid for its intended purpose.
To demonstrate the validity of the proposed methods, we tested another IGBT module manufactured by Guoyang Electronics (WGL100B65F23). Parameters required in the on-state voltage model were obtained in the same way. Some crucial data are shown in the following figures and Table 3 . The threshold voltage was 0.6428 obtained from Figure 14a ; Figure 14b exhibits the simulation result using the exponential function (R on-chip = 52.14 I c −0.4202) and R package = 2.146 mΩ; Figure 14c shows the on-state voltages obtained by different methods and the accuracy was proved. Figure 14a ; Figure 14b exhibits the simulation result using the exponential function (Ron-chip = 52.14 Ic −0.4202) and Rpackage = 2.146 mΩ; Figure  14c shows the on-state voltages obtained by different methods and the accuracy was proved. 
Conclusions
Based on the physical structure and conduction mechanisms within the IGBT module, we separated the on-state voltage into three parts: the collector-emitter threshold voltage, V ce-th , the chip voltage drop, V chip-on , and the package voltage drop, V package . We used these measurements to formulate an equivalent circuit of the IGBT module in its on-state. This model allowed us to measure relevant indicators and extract the different parts of the on-state voltage. When the collector current in the circuit increases, V ce-th remains constant. The on-state chip resistance R on-chip is affected by the conductance modulation and has an exponential relation to I c , so V on-chip has a nonlinear relationship with I c . Since the resistance of the package circuit is constant, V package is linear against I c .
If the collector current is measured, the model in this paper can be applied for monitoring the on-state voltage of an on-line IGBT module. The accuracy of the proposed method was verified by comparison of the experimental measurements of V ce and the manufacturer's data sheet.
